The results of water sorption tests on whey powder spray carried out under laboratory conditions were presented together with mathematical analyses of the sorption isotherms. Moisture equilibrium data were investigated at air temperatures over the temperature range 10-40°C and water activity ranging from 0.3 to 0.99. The experimental procedure used was a gravimetric dynamic method with continuous registration of sample weight changes. A special laboratory drying device was developed for the purpose.
INTRODUCTION
Moisture adsorption (desorption) isotherms provide a graphical representation of the water adsorbed (desorbed) by a hygroscopic material at various near-ambient air humidities at a given temperature and pressure (Hall 1979) . Each point of the moisture sorption isotherm corresponds to the equilibrium moisture content (EMC) of the wet material under near-ambient conditions. Under these circumstances, the heat and mass exchange between the material and surrounding atmosphere is zero.
Water sorption isotherms of biological materials show the equilibrium relationship between the moisture content of the material and the water activity (A w ) at a constant temperature and pressure (Gal 1975) . At equilibrium, the water activity is related to the equilibrium relative humidity (ERH) of the near-ambient air (Rao and Rizvi 1995) by the relationship:
(1) where P is the water vapour pressure exerted by the wet material and P 0 the vapour pressure of pure water at a temperature T 0 which is the equilibrium temperature of the system.
Water sorption isotherms of biological materials, especially foods, are usually described as a plot of the amount of water sorbed as a function of A w . Most of these materials follow a sigma-shaped curve corresponding to type II of the BET classification (Rao and Rizvi 1995) . The curve is the result of the additive effect of Raoult's law, the capillary effect and surface-water interactions. Two inflections are noted, one around an A w value of 0.1-0.3 and the other at 0.7-0.9. These are the results of changes in the magnitude of separate physicochemical effects. The type I isotherm, e.g. the adsorption isotherm for pure crystalline sugar (Audu et al. 1978; Kelly et al. 1995) , shows very little moisture gain until A w goes above 0.7-0.8. This is because the only effect of water is hydrogen bonding to the -OH groups protruding from the surface of the crystal. Since this is a surface effect, grinding the sugar to smaller particles will increase the moisture content at low A w values by the amount of surface increase. Thus, for true crystalline materials, the specification of sieve size is important for water content as a function of A w .
The amount of adsorbed or desorbed water in biological materials depends on near-ambient air conditions (temperature, relative humidity, pressure) and determines two important internal factors, i.e. the EMC and A w , which influence the quality and stability of the products, especially food products. Microbial proliferation (Beuchat 1981) , enzymatic reactions (Potthast et al. 1977) , non-enzymatic browning and lipid oxidation (Rockland and Nishi 1980) , textural changes (Kapsalis 1975) and aroma retention in dried foods (Chirife and Karel 1974) are all influenced by the EMC and A w . Thus, the water sorption isotherms are used for determining the method of storage employed, packaging selection and also ingredient selection. A critical value of A w also exists below which no micro-organisms can grow (Beuchat 1981) . For most biological materials, this is in the 0.6-0.7A w range. In general, dehydrated foods have A w values less than 0.6.
In addition, water sorption isotherms represent the limiting parameter EMC for drying processes. Several equations have been used to describe the drying characteristics of biological materials, with the decreasing drying rate model suggested by Hall (1957) being still used widely in the literature to predict the drying rate (Rotz and Sprot 1984):
(2) After separation of the variables, the solution of equation (2) may be written as: (3) or (4) where M r is the moisture ratio, M(t) is the moisture content of the material at time t, M e is the EMC of the material, M 0 is the initial moisture content and k is the drying constant. The object of the present study was to determine the effect of temperature on the moisture adsorption and desorption isotherms of whey powder spray over the temperature range 10-40°C, to analyse four sorption isotherm equations available in the literature and to determine a model corresponding to the sorption behaviour of the samples tested.
EXPERIMENTAL
A fully computerised laboratory drying device with special control software was developed for the purpose of the sorption tests (Stencl et al. 1996) . The dryer consisted of two main functional parts: an air duct with electronically controlled air temperature, air velocity and relative air humidity (RH), and an electronic balance. A PC provided with an A-D/D-A bit output card controlled the
equipment. Signals from temperature, air-humidity and air-velocity sensors were converted by amplifiers and brought to the PC measuring card through an analog multiplexer. The temperature regulator controlled an electrical heating element switched (ON/OFF) by the PC through the first bit output. The ultrasonic humidity generator produced 'cold steam'. Its regulator was controlled by the second bit output. The D-A converter controlled the air-velocity regulator and an electronic fan. The balance was connected to the PC through an RS232 connection. Software developed for the device set the basic operating parameters (air temperature, RH, air velocity), the scan time of the values measured, the description of the investigated sample and the output of the measured values to databases. Tested samples of whey powder spray were taken directly from a spray dryer. The samples were free from coliforms, staphylococcus, salmonella, neutralising agents and from antibiotics. Moisture equilibrium data for the adsorption and desorption of water from whey powder spray were investigated at temperatures in the range of 10-40°C in 10°C steps and A w values ranging from 0.4 to 0.99 in 0.1 steps. The procedure for each of the tests was as follows. After reaching the EMC of the sample at a certain A w (at a constant air temperature, velocity and pressure), the RH (A w ) increased automatically (adsorption) or decreased (desorption) and a new equilibrium was obtained under these conditions. Each test was repeated three times with material from the same sampling.
The experimental EMC data were processed using the specially developed software and analysed using the non-linear regression procedure of UNISTAT (1995) . Four equations, recommended in the literature (Madamba et al. 1994; Chen and Morey 1989a) describing the relationship between EMC and A w were evaluated for their ability to fit the data for whey powder spray:
Halsey (6) Henderson (7) Oswin (8) where w e is the EMC, A w the water activity, T the temperature, and a, b, and c are constants for the particular equation.
RESULTS AND DISCUSSION
Equations (5) to (8), which model the dependence of the EMC of whey powder spray on A w over the temperature range 10 -40°C, were investigated and reviewed. Analysis of the residuals and goodness-of-fit tests were carried out after parameter determination. A comparison of the Chung-Pfost, Halsey, Henderson and Oswin models for water adsorption and desorption is given in Table 1 The Henderson equation [equation (7)] gave the best results. The statistical values showed that this model, both for water adsorption and desorption, gave the smallest standard error of estimate and the smallest mean relative percentage deviation. The standardised residuals of this model were uncorrelated (Durbin-Watson test). The adsorption and desorption parameters estimated via the Henderson model for the EMC of whey powder spray are presented in Table 2 .
The experimental adsorption and desorption data of whey powder spray for A w values ranging from 0.4 to 0.99 at temperatures of 10°C, 20°C, 30°C and 40°C are shown in Figures 1, 2, 3 and 4, respectively. The points correspond to experimental data and the curves represent the Henderson model given by equation (7) using the fitted parameters listed in Table 2 . Tests were carried out without water condensation.
The three-parameter Henderson mathematical equation for the functional dependence of EMC on A w was verified and diagrams of the sorption isotherms over the temperature range 10-40°C were developed for this purpose. Several models exist for predicting the relationship between EMC, A w and temperature (Rao and Rizvi 1995) . These isotherm models may be theoretical, semi-theoretical or empirical, with the choice of model being dependent on many factors. Van den Berg and Bruin (1978) suggested the following requirements for EMC equations: (1) the experimental curve must be described mathematically for practical applications such as drying, storage etc.; (2) the equation should have a simple form and require the least possible number of parameters to describe the data adequately; (3) the parameters should be significant physically; and (4) the effect of hysteresis should be considered. The three-parameter model is generally preferred over two-parameter models on the basis of these criteria, the third constant being added to the model to allow its application over a wide range of A w values (up to 0.9) and temperature (Osborn et al. 1989; Schuchmann et al. 1990) . In a three-parameter model, the first constant is a scale factor for the overall capacity towards sorption of the material (especially at low A w values), the second constant is an approximate measure of the isotherm shoulder while the third constant is a measure of the steepness of the slope over high A w regions (Schuchmann et al. 1990 ). The sorption isotherms measured for whey powder spray (Figures 1-4 , respectively) showed shapes that corresponded to the type II BET classification (Rao and Rizvi 1995) . The critical value for the EMC of the samples tested corresponded to an A w value of 0.6 (Beuchat 1981), was 8.2-9.7% (w.b.) at 20°C. Although moisture sorption curves were generated for both water adsorption and desorption, the hysteresis effect was negligible. The point of inflection was at A w ≈ 0.5 (Figures 1-4) .
CONCLUSIONS
Four models recommended in the literature (Chung-Pfost, Halsey, Henderson and Oswin) were tested to determine the best fit for experimental data corresponding to moisture adsorption and desorption by whey powder spray. Of those tested, the Henderson equation was found to be the best. An increase in temperature caused an increase in the value of A w for the same moisture content. For constant values of A w , an increase in temperature caused a decrease in the amount of water absorbed, indicating that the material becomes less hygroscopic at higher temperatures. This effect was considerable especially up to a water activity < 0.95, for both adsorption and desorption (Figures 1-4 ). Such observations are important for determining the proper conditions for different technological processes, especially drying, storage and packaging.
